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Summary
In animals and plants, innate immunity is regulated
by nucleotide binding domain and leucine-rich repeat
(NB-LRR) proteins that mediate pathogen recognition
and that activate host-cell defense responses [1, 2].
Plant NB-LRR proteins, referred to as R proteins,
have amino-terminal domains that contain a coiled
coil (CC) or that share similarity with animal Toll and
interleukin 1 receptors (TIR) [3]. To investigate R pro-
tein function, we are using the TIR-NB-LRR protein N
that mediates resistance against tobacco mosaic
virus (TMV) [4] through recognition of the TMV p50
protein. Here, we describe N requirement gene 1 (NRG1),
a novel N-resistance component that was identified
by a virus-induced gene silencing (VIGS) screen of a
cDNA library [5]. Surprisingly, NRG1 encodes an NB-
LRR type R protein that, in contrast to N, contains a
CC rather than a TIR domain. Our findings support
emerging evidence that many disease-resistance
pathways each recruit more than a single NB-LRR
protein. The results also indicate that, in addition to
the previously recognized role in elicitor recognition,
NB-LRR proteins may also function in downstream
signaling pathways.
Results and Discussion
N-Mediated Resistance against TMV Is
Compromised by Silencing NRG1
To investigate N-mediated resistance against tobacco
mosaic virus (TMV), we have used virus-induced gene
silencing (VIGS) in N-transgenic Nicotiana benthamiana
[6]. Fragments of targeted host genes were inserted
into the virus vectors, and infected plants were assayed
for loss of N-mediated resistance. This VIGS approach
was used previously to confirm a role for RAR1 [7],
EDS1 [6], SGT1 [8], several kinases [9, 10], and heat
shock protein (HSP) 90 in R gene-mediated disease re-
sistance [5]. Here, we describe VIGS identification of N
requirement gene 1 (NRG1), a novel host component
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92521.In brief, a normalized N. benthamiana cDNA library
was cloned into a modified potato virus X (PVX) vector,
and the recombinant viruses were inoculated into
3-week-old N-transgenic N. benthamiana (line 310A)
seedlings [5]. Nineteen to twenty-three days after PVX
inoculation, the effect of VIGS on N resistance was as-
sessed by inoculating each plant with a GFP-tagged
strain of TMV (TMV:GFP) [6]. Screening of the same li-
brary had allowed the identification of HSP90 as a general
component of R protein-mediated resistance [5].
Of the 4992 PVX clones assayed, PVX clone 8.298
most clearly compromised N resistance. In addition to
the mild mosaic symptoms of PVX infection, the
PVX:8.298-infected plants displayed slight punctate
necrosis that was independent of TMV:GFP (data not
shown). PVX:8.298 contained a 644 bp insert derived
from two genes; the 3# 253 bp of the insert shared over
80% nucleotide identity with Arabidopsis cellulose syn-
thase. A PVX vector carrying this cellulose-synthase in-
sert caused the necrotic symptoms of PVX:8.298 but
had no effect on N-mediated resistance. In contrast, a
PVX vector with the 5# 391 nucleotides caused loss of
N-mediated resistance (Figure 1A) without any associ-
ated symptoms. This insert was not significantly similar
to any genes in the National Center for Biotechnology
Information (NCBI) databases.
Silencing with a tobacco rattle virus (TRV) vector [11]
carrying the 8:298 5# insert caused loss of N-mediated
resistance, as with the PVX constructs. The loss of re-
sistance in the 310A plants (N genotype) was mani-
fested as green fluorescent protein (GFP) fluorescence
from TMV:GFP, and RNA gel-blot analysis confirmed
high-level accumulation of TMV:GFP for 7 days postin-
oculation (dpi) (Figure 1B, left panel). The inoculated
leaves of 310A plants previously infected with a TRV
vector carrying a fragment of N (TRV:N) also showed
high-level accumulation of TMV:GFP, whereas in control
leaves inoculated with the empty TRV vector (TRV:00),
the TMV:GFP accumulated poorly (Figure 1B, left
panel). At 15 dpi, the TMV:GFP had moved systemically
in the TRV:N and TRV:8.298-5# plants but was localized
to inoculated leaves of TRV:00 plants (see the Supple-
mental Data and Figure S1 available with this article
online).
To investigate the effect of 8.298-5# silencing in the
absence of N, we infected nontransgenic N. benthami-
ana plants with TRV:8.298-5#, TRV:00, or TRV:N and in-
oculated them 3 weeks later with TMV:GFP. The
TMV:GFP RNAs accumulated at similar rates on the
TRV:00, TRV:N, and TRV:8.298-5# plants (Figure 1B,
right panel). These data indicate that in plants without
N, the TRV:8.298-5# infection does not cause increased
susceptibility to TMV:GFP. We therefore rule out that
the gene silenced by TRV:8.298-5# is involved in a resis-
tance pathway that is independent of N. It seems more
likely that TRV:8.298-5# silences a cofactor of N-medi-
ated resistance, and we refer to this gene as NRG1 for
N requirement gene 1. Correspondingly, the virus vec-
tors detailed above are henceforth referred to as having
an “NRG1” insert rather than an “8.298-5#” insert.
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Clone 8.298 Compromises N-Mediated Resistance against TMV
(A) Photographs under UV light of TMV:GFP in N-transgenic N. ben-
thamiana plants preinfected with PVX:8.298-5#, PVX:N (PVX carry-
ing a fragment of N), or PVX:00 (empty PVX vector). TMV:GFP was
manually inoculated with TMV:GFP sap as previously described [6].
The photographs were taken at 6 days postinoculation (dpi).
(B) RNA gel-blot analysis of TMV:GFP accumulation over 7 days in
the leaves of N-transgenic (NN, left panel) or nontransgenic (NT,
right panel) N. benthamiana plants preinfected with TRV:00, TRV:N,
or TRV:8.298-5#. Genomic TMV:GFP RNAs (gRNA) and subgenomic
TMV:GFP RNAs (sgRNA) are indicated. TMV:GFP inoculation was
performed by agro-infiltration as previously described [6]. Rubisco
RNA indicates loading. RNA gel-blot analysis was performed as
described [6]. Two replicate samples are shown for each time point.We can rule out that NRG1 is a general cofactor of
disease resistance because Rx- and Pto-mediated re-
sistance against PVX and Pseudomonas syringae,
respectively [12, 13], were unaffected by NRG1 silenc-
ing (Supplemental Data; Figure S2). The hypersensitive
response (HR) triggered in N. benthamiana by the Phy-
tophthora infestans Inf1 elicitin occurs independently
of NRG1 (Supplemental Data); presumably, P. infestans
resistance also occurs independently of NRG1 [14].
These findings indicate that NRG1 is required specifi-
cally for N-mediated resistance against TMV in N. ben-
thamiana.NRG1 Encodes a CC-NB-LRR Protein
The complete N. benthamiana NRG1 genomic se-
quence was determined by PCR-based methods with
primers derived from the TRV:NRG1 insert. By RT-PCR
analysis, we identified five exons that are spliced to
form NRG1 mRNA with an open reading frame (ORF)
encoding an 851 amino acid protein with molecular
mass of 97 kDa (Figures 2A and 2B). A truncated mRNA
was also detected in which the 3# end was within the
first intron of full-length NRG1. This short mRNA en-
codes a 262 amino acid protein (NRG1TR) that is iden-
tical to full-length NRG1 in the 241 amino-terminal resi-
dues (Figure 2C). To investigate the specific function of
NRG1 and NRG1TR, we made constructs to silence
either the truncated (TRV:NRGTR) or full-length (TRV:
NRGFL) transcript individually (Figure S3). VIGS experi-
ments performed with these constructs showed that
only the full-length NRG1 mRNA, and not NRG1TR, is
required for N-mediated resistance against TMV (Fig-
ure S3).
The predicted primary structure of NRG1 is similar to
that of R proteins in that it has an amino-terminal coiled
coil (CC) domain comprising a leucine-zipper heptad
repeat [15], a nucleotide binding (NB) domain, and 10
imperfect copies of a leucine-rich repeat (LRR) motif at
the carboxy terminus (Figure 2B). The NB domain has
the Kinase 1A, Kinase 2, RNBS-B, RNBS-C, GLPL,
RNBS-D, and MHD of other nucleotide binding domain
and leucine-rich repeat (NB-LRR) proteins [16, 17]. The
last tryptophan of the Kinase 2 motif and the sequence
of RNBS-D are characteristic of CC-NB-LRR group R
proteins [15, 16].
DNA gel-blot analyses revealed the existence of a
NRG1 homolog in N. benthamiana (Figure 2E), and we
referred to it as NRG2. On the basis of the genomic and
cDNA sequences determined by PCR-based methods,
the NRG2 mRNA is 3355 nucleotides long (Figure S4).
It shares 78% overall nucleotide identity with NRG1,
with the highest identity (92%) between nucleotides
655 and 3211 of NRG2. However, it is unlikely that
NRG2 is required for N-mediated resistance because
its open reading frame is interrupted by several ter-
mination codons, indicating that it may be a pseu-
dogene. Furthermore, TRV constructs to specifically
target either NRG1 or NRG2 had different effects on
N-mediated resistance. TRV:NRG1v2 with a 249 bp
fragment of NRG1 cDNA that shares only 43% identity
to NRG2 suppressed N-mediated resistance, whereas
TRV:NRG2 with a 283 bp fragment of NRG2 that shares
only 42.4% identity to NRG1 did not (Figure S4; data
not shown). The finding that suppression of TMV resis-
tance is specific for the TRV:NRG1 clones therefore
confirms that the NRG2 pseudogene is not required for
N-mediated resistance.
We can rule out that the TRV:NRG1 phenotype is due
to silencing of an unidentified NB-LRR gene because
N-mediated resistance was suppressed by three dif-
ferent NRG1 constructs targeted to the CC (TRV:NRG
and TRV:NRGv2) or NB-LRR (TRV:NRGFL) coding se-
quence (Figure S4). Any genes with a high degree of
sequence similarity to NRG1 in all three regions
targeted by the TRV constructs would have been de-
tected by the DNA gel-blot analysis (Figure 2E). We
have also ruled out that the NRG1 constructs silenced
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(A) Genomic structure of full-length (top) and truncated (bottom) NRG1. Exons are indicated by boxes, and introns are shown as broken lines.
The first-intron part included in truncated NRG1 is shown as a gray box.
(B) Predicted sequence of NRG1. Residues that form the putative leucine zipper of the CC domain are highlighted in red. The NB domain
contains the following motifs (underlined in black and labeled in red) from the amino terminus: Kinase 1A, Kinase 2, RNBS-B, RNBS-C, GLPL,
RNBS-D, and MHD. The tryptophan at the last residue of the Kinase 2 motif and the sequence of the RNBS-D are characteristic of the CC
group of NB-LRR proteins [16, 17]. The 10 LRRs are shown with conserved-aliphatic residues in green, conserved cysteines in blue, and
conserved prolines in gray.
(C) Predicted sequence of truncated NRG1. Annotation is the same as in (B). The divergent carboxy-terminal sequence derived from the first
intron is underlined in red.
(D) Expression of N and NRG1 in plants undergoing VIGS of the corresponding genes. Agrobacterium cultures expressing HA-tagged N
(N:HA) or NRG1 (NRG1:HA) were infiltrated into N. benthamiana plants infected with TRV:00, TRV:N, or TRV:NRG1 (two replicate samples for
each TRV construct). Shown are proteins extracted (at 2 dpi) and immunoblotted with anti-HA antibody (Roche 3F10) as previously described
[22]. Coomassie staining of the membrane for loading control is shown.
(E) A homolog of NRG1 in N. benthamiana. DNA gel-blot analysis of N. benthamiana genomic DNA digested with EcoRV or HindIII is shown.
The positions of the restriction sites and probe (dashed black line) on NRG1 genomic sequence are shown in the diagram. The arrow indicates
the 1186 bp EcoRV fragment of NRG1.N. Transient expression of NRG1 was silenced in plants N
iundergoing VIGS of NRG1 but not of N, and vice versa
(Figure 2D). Thus, from these controls with NRG1TR, R
NNRG2, and N, we conclude that the NRG1 VIGS pheno-type is specifically due to silencing of NRG1.RG1 Silencing Affects N-Mediated Resistance
n Nicotiana edwardsonii
esistance against TMV:GFP in the N-transgenic
. benthamiana plants (line 310A) is not associatedwith macroscopic HR cell death [6]. However, the natu-
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is manifested as localized HR lesions at the sites of
TMV inoculation. To test whether NRG1 is required for
N resistance in N. edwardsonii, we infected seedlings
with the TRV:NRGFL construct and, 21 days later, inocu-
lated them with TMV. TRV:00- and TRV:N-infected
plants were used as controls. Seven days after TMV
inoculation, TRV:00 plants showed HR lesions charac-
teristic of the N-mediated response (Figure 3A). In con-
trast, TRV:N and TRV:NRGFL plants developed larger,
less-defined lesions of HR (Figure 3A). Furthermore, 18
days after TMV inoculation, the TRV:N and TRV:NRGFL
plants displayed systemic HR and were stunted relative
to the TRV:00 plants (Figure 3B). These results indicate
that the requirement for NRG1 in N resistance is not
specific to N. benthamiana.
Overexpression of NRG1 Activates
Resistance Responses
We constructed a binary vector containing full-length
NRG1 mRNA driven by the cauliflower mosaic virus 35SFigure 3. NRG1 Is Required for N Resistance in Nicotiana edward-
sonii
(A) Local response to TMV strain U1 of N. edwardsonii plants prein-
fected with TRV:00, TRV:N, or TRV:NRG. The photographs were
taken 7 days after TMV sap was manually inoculated.
(B) Systemic response to TMV of the plants described in (A) and a
nonsilenced (NS) control plant. The photograph was taken 18 days
after TMV inoculation.promoter and modified it so that the encoded proteinincluded a carboxy-terminal hemmaglutinin (HA) tag
(35S:NRG1:HA). NRG1 constructs were also made that
lacked the putative CC domain (35S:NRG1CC:HA) or
that were mutated in the P loop motif (G226A, K227A;
35S:NRG1pl:HA). Agrobacterium-mediated overexpres-
sion of NRG1 from the 35S:NRG1:HA vector in N. ben-
thamiana caused HR-like cell death that was visible
two days after Agrobacterium inoculation (Figure 4A).
The 35S:NRG1CC:HA and 35S:NRG1pl:HA constructs
failed to activate the cell death (Figure 4A) even though
the proteins were as abundant, or more so, than
NRG1:HA.
When the cultures of 35S:NRG1:HA Agrobacterium
were diluted 6-fold, the macroscopic-cell-death re-
sponse was not activated. However, when either this
diluted culture or a diluted culture with N driven by its
native promoter were coexpressed with TMV:GFP in
nontransgenic N. benthamiana plants, TMV accumu-
lation was suppressed. The TMV:GFP-infection foci
were fewer and fainter with these constructs than
with TMV:GFP inoculated alone or together with
35S:NRG1CC:HA (Figure 4B). The 35S:NRG1:HA con-
struct also attenuated PVX:GFP accumulation (data not
shown). From these data, we conclude that NRG1 is
capable of signaling defense responses that suppress
virus replication.
Next, we determined whether the defense signaling
by NRG1 is similar to that associated with N. EDS1 or
SGT1 was silenced in nontransgenic N. benthamiana
with TRV vectors carrying fragments of the respective
cDNAs (TRV:EDS1 and TRV:SGT1) [6, 8]. After 21 days,
the silenced plants were inoculated with TMV:GFP
either alone or together with diluted Agrobacterium cul-
tures expressing 35S:NRG1:HA, 35S:NRG1CC:HA, or
N. As shown in Figure 4B, the EDS1 silencing compro-
mised N resistance, whereas it did not affect the virus
attenuation mediated by NRG1. SGT1 silencing com-
promised both N resistance and the NRG1 virus attenu-
ation. These data indicate that the resistance signaling
by NRG1 is similar to that of other CC-NB-LRR proteins
and unlike that of N in that it is dependent on SGT1 but
not on EDS1.
Resistance Mediated by Multiple NB-LRR Proteins
The involvement of two NB-LRR proteins is likely to be
a feature of several disease-resistance pathways. For
example, RPP2-mediated resistance against P. parasit-
ica was recently demonstrated to require heterologous
NB-LRR proteins encoded by the adjacent genes
RPP2a and RPP2b [18]. The RPS5 NB-LRR protein may
also be involved in several disease-resistance path-
ways because a mutation in its LRR5 suppresses
downy-mildew-resistance and bacterial-disease-resis-
tance phenotypes of several other disease-resistance
genes [19]. There is also indirect evidence, from the
analysis of ADR1 overexpression, that a CC-NB-LRR
protein acts together with a TIR-NB-LRR protein. ADR1
encodes a CC-NB-LRR protein, but the drought-resis-
tance overexpression phenotype is dependent on EDS1
function that is normally characteristic of TIR-NB-LRR
proteins [20]. We discuss below the possible implica-
tions of the involvement of multiple NB-LRR proteins
for the mechanism of elicitor recognition and resis-
tance signaling.
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r(A) NRG1 expression activates HR cell death. The upper panels
1show Agrobacterium-mediated transient expression in nontrans-
tgenic N. benthamiana of HA-tagged NRG1 (NRG1:HA), NRG1 lack-
(ing the putative coil-coiled domain (NRG1CC:HA), or an NRG1 P
loop mutant (G226A, K227A; NRG1pl:HA). Constructs were trans-
formed into Agrobacterium strain C58C1 carrying the virulence
Rhelper pCH32 [23]. Agrobacterium cultures containing the various
Rconstructs were infiltrated at OD600 = 0.3 as previously described
A[24], and photographs were taken 3 days later. The lower panels
Pshow protein expression levels of HA-tagged NRG1 derivatives de-
scribed in (A). Protein extracts were prepared at 2 days after in-
Rfiltration and immunoblotted with anti-HA antibody as previously
described [22].
(B) NRG1 expression impairs TMV:GFP replication. TMV:GFP was
inoculated by agro-infiltration either alone (−) or together with
NRG1:HA, NRG1CC:HA, or N. Assays were in nontransgenic
N. benthamiana plants that were nonsilenced (NS) or preinfected
with TRV:00, TRV:EDS1, or TRV:SGT1. Agrobacterium cultures con-
taining the NRG1 and N constructs were infiltrated at OD600 = 0.05.
Photographs were taken 5 days after agro-infiltration under day-
light (top panel) or UV (lower four panels) illumination. The two top
panels show the same leaves.In principle, the involvement of N and NRG1 or other
airs of NB-LRR proteins in a disease-resistance path-
ay might indicate that both proteins are required for
licitor recognition. It could be, for example, that N and
RG1 exist in an elicitor-recognition complex and that,
o explain the EDS1 requirement for TMV resistance,
initiates the signaling pathway. This is an attractive
ypothesis because combinatorial action of two or
ore R proteins could explain how the relatively small
omplement of R proteins could mediate recognition of
large set of pathogen-derived elicitors.
However, despite several attempts, we have not been
ble to detect a physical interaction between N and
RG1 (P.M. and D.C.B., unpublished data). Further-
ore, silencing of NRG1 does not block the N-protein
ligomerization that we have observed as an early re-
ponse to the TMV p50 elicitor (P.M. and D.C.B., unpub-
ished data). It is therefore unlikely that NRG1 is neces-
ary for elicitor recognition. It could be that TMV
esistance requires N and NRG1 pathways acting in
arallel. These two pathways would be interdependent
nd would not confer TMV resistance by themselves,
s is evidenced by the finding that NRG1 silencing does
ot affect TMV accumulation in plants without N (Figure
B, right panel). Alternatively, there could be a single
athway in which NRG1 plays a signaling role down-
tream of EDS1 (Figure 4B). Either hypothesis could ex-
lain the frequently observed crosstalk between dis-
ase-resistance signaling pathways [21] because the
inal response would be a composite effect of two or
ore NB-LRR proteins.
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